ernK instructs bacteria to synthesize an erythtomycin-inducible 23S rRNA methylase that confers resistance to the macrolide, lincosamide, and streptogramin B antibiotics. Expression,of ermK is regulated by transcriptional attenuation, in contrast to other inducible erm genes, previously described, which are regulated translationally. The ermK mRNA leader sequence llas a total length of 387 nucleotides and encodes a 14-amino-acid leader peptide together with its ribbsome binding site. Additionally~the mRNA leader sequence can fold in either. of two mutually exclusive conformations, one of which is postulated to form in the absence of induction afid to contain two rho factor-independent terminators. Truncated transcription products ca. 210 and 333 nucleotides long were synthesized in the absence of induction, both in vivo and in vitro, as predicted by the transcriptional attenuation model; run-off transcription in vitro with rITP favored the synthesis of the full-length run-off transcript over that of the 210-and 333-nucleotide truncated products. Northern (RNA) blot analysis of transcripts synthesized in vivo in the absence of erythroniycin indicated that transcription terminated at either of the two inverted compiementary repeat sequences in the leader that were postulated to serve as rho factor-independent terminators; -moreover, no full-length transcripts were detectable in the uninduced samples. In contrast, full-length (ca. 1,200-nucleotide) transcripts were only detected in RNA samples synthesized in vivo in the presence of erythromycin. Full-length transcripts formed in the absence of induction from transcriptional readthrough past the two proposed transcription terminators would fold in a way that would sequester the ribosome binding site together with the first two codons of the ErmK methylase, reducing its efficiency in translation. This feature could therefore provide additional control of expression in the absence of induction; however, such regulation, if operative, would act only secondarily, both in time and place, relative to transcriptional control. Analysis by reverse transcriptase mapping of in vivo transcripts from two primers that bracket the transcription terminator responsible for the 210-nucleotide truncated fragment supports the transcriptional attenuation model proposed and suggests further that the synthesis of the ermK message is initiated constitutively upstream of the proposed terminator but completed inductively downstream of this site.
uninduced samples. In contrast, full-length (ca. 1,200-nucleotide) transcripts were only detected in RNA samples synthesized in vivo in the presence of erythromycin. Full-length transcripts formed in the absence of induction from transcriptional readthrough past the two proposed transcription terminators would fold in a way that would sequester the ribosome binding site together with the first two codons of the ErmK methylase, reducing its efficiency in translation. This feature could therefore provide additional control of expression in the absence of induction; however, such regulation, if operative, would act only secondarily, both in time and place, relative to transcriptional control. Analysis by reverse transcriptase mapping of in vivo transcripts from two primers that bracket the transcription terminator responsible for the 210-nucleotide truncated fragment supports the transcriptional attenuation model proposed and suggests further that the synthesis of the ermK message is initiated constitutively upstream of the proposed terminator but completed inductively downstream of this site.
Translational attenuation is utilized by gram-positive bacteria for the regulation of resistance to the macrolidelincosamide-streptogramin B (MLS) antibiotics (11, 13) .
From studies with an ermC model system, it has been shown that during indfiction by eiythromycin, the arrested ribosome binds at a specific location on the message (22, 23, 29) . The ermC leader, contains inverted complementary repeat sequences that allow it to fold in three alternative conformations (11, 13) . As a consequence of the erythromycinstabilized binding between mRNA and the ribosome during induction, the nascent message assumes a translatiorially active conformation. Conformational isomerization of erm messages because of stalled ribosomes could, in principle, mediate induction in both transcriptional and translational attenuators; however, transcriptional attenuation control of an erm gene has not yet been found. Several inducible erm genes have been cloned and characterized, and translational attenuation control has been proposed for their mode of regulation. For reviews, see references 8 and 33. Of the inducible erm genes that have been characterized, ermD from Bacillus licheniformis, described by Docherty et al. (7) , is of particular interest because of its reported * Corresponding author.
complex 354-nucleotide mRNA leader sequence, for which a translational attenuation mechanism was conjectured (10) .
In the present study, we analyze ermK from an isolate of B. licheniformis found in Korea (5) . The ermK leader sequence described in the present study was found to contain 357 (rather than 354) nucleotides and, over the portion of its sequence that overlaps ermD, to differ from the latter at only 3 nucleotide positions. The two leader sequences appear otherwise functionally indistinguishable; both can be folded in the same manner, and both contain an open reading frame that encodes the 14-amino-acid leader peptide, MTHSMRL RFPTLNQ. Ih a departure from translational attenuation control models previously reported for inducible erm genes, we show that ermK (and most probably ermD, too) is regulated by transcriptional attenuation.
MATERIALS AND METHODS
Strains and plasmids. The strains and plasmids used in this study are (14) . ermK run-off transcription. The 457-bp DNA fragment that was used as a template for in vitro transcription was obtained by digestion of pEC101 DNA with PvuII (map coordinate 380) and MspI (map coordinate 840), agarose gel electrophoresis of the resultant digest, and extraction from the gel by electroelution. Transcription was performed as described by Levin and Chamberlin (20 GCTCTTCCCTTTACTCTGAATCACAGGCAGACCGCCTGTGATTTIIIATGATGAGAGGAAGAGGAAAC ATG AAG AAA AAA AAT CAT AAG TAC AGA GGA AAA AAG TTA
MspI . AAC CGC GGG GAA TAT CCG AAT TTT TCC GGA CAG CAT TTG ATG CAT AAT AAA AAA TTA ATU GAA GAA ATT GTG GAT CGG GCA AAT ATT AGC
DdeI MspI 
1200
GGA TM CM AM GGG ATC ATC GTA ATG GAA AAA GGG GCT GCT AAA CGT TUC ACA TCA AM TTC ATT AM AAT TCC TAT GUT TTA GCT TGG
1300 AGA ATG TGG UTT GAT ATT GGC ATT GTC AGA GM ATA TCG AAA GAG CAT TUT TCT CCC CCT CCA AM GTG GAC TCG GCA ATG GTC AGA ATA
1400 ACA CGA AM AM GAC GCG CCT CTA TCA CAT AM CAT TAC ATT GCG TTT CTT GGG CTT GCC GM TAT GCG CTA AAG GAG CCG CAA GCC CCT (20) . This substitution serves as a form of quasiinduction, since IMP units are incorporated into RNA with the specificity of G but only two hydrogen bonds are formed by pairing between guanosine and cytidine. Use of the same PvuII-MspI fragment as a template, under these conditions, would be expected to result in a shift in transcript length from the truncated 210-and 333-nucleotide termination fragments to the full-length run-off transcript with a predicted length of ca. 420 nucleotides. The results (Fig. 5, lane 3) indicated that this was indeed the case; the use of rITP resulted in a shift to synthesis of a maximum-length product of the expected size.
Northern blot analysis of ermK transcripts synthesized in vivo. To test whether transcriptional attenuation control plays a role in ermK expression in vivo, we analyzed total RNA from B. subtilis UOTO-277(pEC101) by the Northern blot method (6) . RNA extracted from intact cells was fractionated by agarose-formaldehyde gel electrophoresis, transferred to nitrocellulose, and probed successively with 5'-end-labeled DNA oligonucleotides 10178, 2462, and 2168.
At least three discrete DNA transcripts appeared to originate in the ermK region. The longest transcript, ca. 1,200 nucleotides long, represents the full-length message from induced cells. Because oligonucleotide 2168 is located farthest downstream and complements part of the methylase open reading frame, it only hybridized to the full-length message and not to any of the proposed truncated fragments that terminate in the leader (Fig. 6, lanes 5 and 6) . Oligonucleotide 2462 hybridized to both the predicted 333-nucleotide truncated fragment and the full-length message (lane 4), whereas oligonucleotide 10178 hybridized to both the predicted 210-and 333-nucleotide truncated fragments and the full-length message (lanes 1 and 2) .
Appreciable synthesis of the 210-nucleotide fragment was seen in the absence of induction (Fig. 6, lane 1) , whereas that of the two longer fragments (333-nucleotide fragment and full-length message) was not. These observations support a model according to which ermK transcription is initiated constitutively and, in the absence of induction, terminated efficiently to yield the prominent 210-nucleotide fragment. Readthrough transcription that would form the 333-nucleotide fragment was not detected in the absence of induction.
Reverse transcriptase mapping of ermK transcripts synthesized in vivo. If transcriptional attenuation plays a role in the regulation of ermK, we would expect to see erythromycin dependence for the synthesis of ermK mRNA beyond the proposed transcription stop at +210. Oligonucleotide 2462, positioned downstream of the proposed rho factor-independent transcription terminator, was 5' end labeled and used as a reverse transcription primer. The results (Fig. 7) revealed a clear dependence of the full-length run-off transcript on erythromycin added for induction. In contrast, the similar use of oligonucleotide 4400 as a primer positioned upstream of the proposed transcription terminator revealed no dependence on erythromycin. These observations place the transcription termination site between oligonucleotide 4400 (upstream limit) and oligonucleotide 2462 (Fig. 8 ). This finding was underscored by the expectation that the mutations in pEC301 and pEC597 would destabilize the proposed secondary structure by altering the complementary members of a proposed GC base pair.
In summary, the analysis of in vivo and in vitro transcripts of ermK by several independent analytical techniques suggests that this gene is regulated by a transcriptional attenuator that responds to erythromycin as an inducer. In the absence of an inducer, transcription of ermK is aborted within the leader region at either of two rho factor-independent termination sites 210 and 333 nucleotides downstream from the transcription start site of the message.
DISCUSSION
Regulation of ermK and ermD. The sequences for ermD reported previously (10) and ermK reported above differ in only minor respects; a leader sequence of 357 nucleotides was found to precede the ermK methylase structural gene, whereas a 354-nucleotide leader sequence was reported for ermD. The differences between the two sequences that comprise the ermK and ermD mRNA leaders, three in number, are located at DNA sequence coordinates 471 (G and T), 591 (C and T), and 686 (A and C) for ermK and ermD, respectively. In a study of the mechanism of regulation of ermD, Gryczan et al. (10) noted that the expression of resistance remained inducible despite the removal of the resident promoter and transcriptional fusion of the residual ermD sequence to a presumed upstream constitutive promoter. From this observation, they favored a model according to which ermD was regulated posttranscriptionally, probably by a translational attenuation mechanism similar to FIG. 2. ermK DNA sequence and deduced amino acid sequence. The nucleotide sequence of ermK is shown, together with the deduced amino acid sequences of the ErmK methylase and its leader peptide. The proposed promoter sequences, -35 and -10, and the transcription initiation site are also indicated. Sites labeled with closed circles are used to indicate four centers of symmetry in the proposed transcriptional attenuator (see Fig. 3a and b for explicit details of the proposed base pairing). Numbers that proposed for ermC from Staphylococcus aureus. The translational attenuation control models have been proposed findings reported here suggest that ermK (and therefore for the mode of regulation used; these include ermA (27) , ermD) is regulated by a transcriptional attenuation mecha- control of antibiotic resistance genes. It could be argued that translational and transcriptional attenuators might be suited to regulating different classes of genes, e.g., that ermC transcripts synthesized in the absence of induction and therefore translationally inactive nevertheless remain capable of becoming activated if needed at a subsequent time. In contrast, a messenger whose expression is regulated by transcriptional attenuation (as in the case of amino acid biosynthetic operons; for a review, see reference 18 and synthesized in the absence of induction would be truncated and therefore would have no possibility of becoming activated. In such a model, the preferential use of certain classes of regulatory elements to control expression of antibiotic resistance genes could be rationalized in terms of differences in the relative dangers posed by a toxic antibiotic on one hand and slow starvation owing to the absence of an essential amino acid on the other hand. Alternatively, a single stalled ribosome can lead to the truncation of a nascent message, whereas continuous occupancy of the stall site in a translational attenuator would be required for maintaining the ermC message in its induced conformation. The results obtained in our study of ermK suggest that such differences may have little bearing on the mechanism of regulation and that both types of attenuation mechanism can be used to regulate the expression of erm genes.
It will be of interest to see whether a purely translational attenuation mechanism can be utilized for the regulation of amino acid biosynthesis. Kadam (15) has shown that ermC can be induced by pseudomonic acid, an antibiotic that inhibits the catalytic function of isoleucine tRNA synthetase. The action of pseudomonic acid results in Ile tRNA deficiency and would thus be expected to produce a correspondingly reduced rate of incorporation of Ile at critical position Ile-9 in the ermC leader peptide. It will be of interest to see whether a purely translational attenuation mechanism can be utilized for the regulation of processes other than antibiotic resistance.
Secondary structure of the ermK leader region. The secondary structure that we proposed for ermK shows features not previously seen in other attenuators that regulate erm gene expression. The proposed uninduced, translationally inactive form of the ermK attenuator shown in Fig. 3a should not be present at any appreciable level, since transcription would be terminated at +210 or, failing that, at +333, and the stem segments that sequester SD-2 and the initial two codons (Met and Lys) of ermK are downstream of this site, beginning at + 343. What relevance does the secondary structure around the methylase ribosome binding site therefore bear to regulation? The translationally inactive conformation of the ermK message shown in Fig. 3a would only result, because of transcriptional readthrough, in the absence of induction, past the two rho factor-independent terminators that produce the 210-and 333-nucleotide truncated fragments. Our analysis of the ermK leader sequence therefore points to two transcriptional barriers to the expres- licheniformis, and treated with Si nuclease. A sample of the labeled 110-mer probe was also treated by the chemical sequencing method of Maxam and Gilbert (21) . Samples were loaded onto a 20% gel and fractionated in parallel. Lanes: 1, A+G cleavage; 2, T+C cleavage; 3, S1 nuclease-treated ermK message-DNA probe heteroduplex.
of erm remains unclear, but the apparent presence of these barriers to the expression of ermK makes it appear that B. licheniformis is "determined" not to express this gene in the absence of induction.
Also noteworthy is the conformation that the proposed ermK leader may assume upon induction by erythromycin (Fig. 3b) . The ribosome binding site and initiator Met codon of the ErmK methylase both appear to be contained within a 29-nucleotide loop structure. The lack of a secondary structure and the large size of the 29-nucleotide loop may allow relatively efficient translation initiation which, once started, would permit ribosomes that are active in translation to disrupt the remaining secondary structure shown.
The impediment to translation that results from six sequential AU base pairs and, further on, by four sequential GC base pairs may only present a relative barrier to translation already in progress. Pavlakis et al. (28) , for example, have demonstrated experimentally that the respective messages of both the mouse alpha-and beta-globin chains possess extensive secondary structure in their coding regions. Despite this secondary structure, the alpha-and beta-globin chains are, in fact, synthesized. Alternatively, a ribosome may be able to bind to the nascent ermK message and form an initiation complex faster than the time needed for the synthesis of the complementary leader segment.
The apparent constitutive transcription of ermK when tested with oligonucleotide 4400 and inducible transcription of ermK when tested with oligonucleotide 2462 could be explained by a simple mechanism according to which ermK transcription is initiated constitutively but completed inductively; however, other factors that may contribute to the induction of erm genes include stabilization of the message (2) and the direct action of methylase as a translational repressor (4) . ermA, sequenced by Murphy (27) , has recently been studied (29, 30) with respect to the contribution of stabilization to induction; these studies indicated that mRNA stabilization did not contribute to increased expression.
Estimating the transcriptional traffic through the ermK leader region. The Northern blot analysis shown in Fig. 6 allowed us to estimate the transcriptional traffic through the ermK leader region. The truncated 210-nucleotide transcript appears to be formed with high efficiency irrespective of induction, i.e., the major component in the faster-moving band consists of the 210-nucleotide transcript. It is at this level (rather than at the level of the 333-nucleotide transcript) that most of the transcriptional attenuation occurs. Despite induction, most of the RNA that is synthesized (Fig.  6 , lane 2) appears to correspond in mobility to the truncated bands. The faster-moving band seen in Fig. 6 , lane 2, probably contains both 210-and 333-nucleotide truncated transcripts, predominantly the former. This is inferred by the use of oligonucleotide 2462 (Fig. 6, lanes 3 and 4) , which can detect only the full-length and 333-nucleotide truncated transcripts. The results suggest that equimolar amounts of 333-nucleotide and full-length transcripts are formed during induction. Since the combined 210-nucleotide and 333-nucleotide transcript seen in lane 2 is much stronger than the full-length transcript, we must infer that most of the material present in the faster-moving band consists of the 210-nucleotide truncated transcript. This interpretation could be affected by mechanisms of mRNA degradation that differentially degrade the three different forms of the ermK message; however, such differential degradation might be expected to act on the truncated fragments preferentially. Fig. 3a for the relationship of probes 10178 and 2462 to the attenuator sequence; see Fig. 2 for the location of oligonucleotide 2168, which overlaps the codons for amino acid residues 22 to 30, SGQHLMHN, of the ermK sequence.) The mobilities of rRNA markers are indicated to the right; nucleotides indicated to the left were assigned interpretatively on the basis of experiments described in Fig. 4 and 5.
The data shown in Fig. 7 provide independent support for the presence of a critical regulatory sequence between oligonucleotides 2462 and 4400, namely, the transcription terminator that generates the 210-nucleotide truncated fragment of the ermK message. Moreover, the analysis shows a strong erythromycin dependence of transcription detected by oligonucleotide 2462 but not by oligonucleotide 4400.
Transcriptional pausing in the ermK leader region. In addition to the truncated 210-and 333-nucleotide (major) fragments synthesized in vitro, two other fragments of ca. 135 and 155 nucleotides are clearly seen (Fig. 5 ) that possibly represent transcriptional pause sites in the ermK message. In relation to attenuators, such pause sites would serve to ensure close synchrony between transcription and translation (9) . As a consequence, inverted complementary repeat sequences upstream of the pause sites would associate in a temporally ordered fashion, reflecting the time order in which they were synthesized, before additional pairing options were offered by newly synthesized downstream sequences. In terms of ermK, these considerations would ensure the preferential association of attenuator segments 1 and 2 over the association of attenuator segments 2 and 3, thus minimizing the level of background expression.
The 210-and 333-nucleotide fragments shown in Fig. 6 could reflect mRNA processing rather than regulation of mRNA synthesis. The in vitro transcription studies help to exclude the possibility of RNA degradation or processing. It could be argued that the RNA polymerase preparation that was used contained trace amounts of nuclease that was responsible for the degradation. Such nuclease activity would have to possess the additional attribute that it could be inhibited by the rITP preparation.
Analysis of in vivo ermK transcription by reverse transcriptase mapping yielded different findings, depending on the primer that was used. Transcription up to oligonucleo- Fig. 3a for the relationship of primers to the attenuator sequence.) tide 2462, the primer located downstream of the proposed transcription termination site, showed a dependence on the concentration of erythromycin added to the culture medium in which the cells were grown (Fig. 7) . Such a concentration dependence could be explained by alternative mechanisms such as transcriptional repression and/or mRNA stabilization; however, recent studies of ermA (27) indicated that mRNA stabilization did not contribute to increased expression (29) . The apparent lack of erythromycin dependence of transcription up to oligonucleotide 4400 could be explained by a simple mechanism according to which ermK transcription is initiated constitutively but completed inductively and the resultant transcripts are not stabilized in the presence of erythromycin.
Mutations in the ermK attenuator region. Despite the apparent complexity of associated segments 1 and 2, the proposed conformation is supported by the pattern of a mutation to constitutive expression. The involvement of complementary members of a proposed base pair in a mutation to constitutive expression is consistent with their comparable functional roles in maintaining the inactive conformation of the ermK transcript. In addition, the penultimate attenuator segment has been found to provide a target for mutation to constitutive expression, e.g., segment 3 (of 4 in the ermC attenuator (14) and segment 9 (of 10) in the ermSF attenuator (16) . In the conformations proposed for the ermK attenuator, nucleotides 270 to 300 in segment 7 are those that complex with SD-2 and the first two codons of the methylase (Fig. 3a) . Moreover, despite analysis of five constitutive mutants, none that directly destabilized segments 7 and 8 was found (Fig. 3a) .
The proposed inactive form of the ermK message (Fig. 3a ) also appears to sequester both the methylase ribosome binding site and the Met Lys codon sequence at the amino terminus of the methylase. What useful function would this highly associated segment of ermK mRNA serve if synthesis of the message under noninducing conditions is terminated upstream at the proposed transcription terminator? Lee and Yanofsky (19) reported that readthrough transcription beyond the trp transcriptional attenuators of E. coli and Salmonella typhimurium occurred with efficiencies of 5 and 30%, respectively. Transcriptional readthrough of the ermK attenuator would produce mRNA with the leader conformation shown in Fig. 3a . The terminating inverted repeats 3 associated with 4 and 7 associated with 8 would form under these conditions without termination of the message, but the resultant transcript would be translationally inactive. To the extent that a stalled ribosome could disrupt segments 1 and 2, an ermK mnessage inactive in this way might become translationally activated under conditions of induction. In any case, the regulation of ermK by attenuation appears to be primarily at the transcriptional rather than the translational level.
